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Introduction
The nucleation of magnetic domains and propagation of their boundaries (domain walls, DWs) is one of the major factors that determine the magnetization reversal process in ferromagnetic materials under external magnetic fields. The dynamics of DW, thus, has been investigated from the physics as well as technological point of views. [1] [2] [3] Recent experimental [4] [5] [6] [7] [8] and theoretical [9] [10] [11] [12] [13] [14] progresses on the electrical manipulation of DWs have added a new dimension to the subject making it even more interesting and important, where the effect of spin-polarized current (or spin current) on non-uniform magnetization texture is involved. [15] [16] [17] Spin current can exert torque and/or force on a DW, and induce DW motion even without magnetic field. Current-induced DW motion in the absence of magnetic fields has been observed in NiFe nanowires by application of current pulses of the order of 10 7 -10 8 A/cm 2 . 6,7) Current-induced DW switching in a ferromagnetic semiconductor (Ga,Mn)As has been demonstrated with current pulses of 10 5 A/cm 2 in the absence of magnetic field. 8) It has recently been shown that the DW velocity in (Ga,Mn)As can be controlled over five decades from the order of 10 À4 to 10 1 m/s by tuning the magnitude of current density from mid 10 4 to 10 6 A/cm 2 . 18) This observation has allowed discussion of the mechanism of the current-induced DW motion in a quantitative way, which shows that ferromagnetic semiconductors are an ideal test-bench to investigate the physics of the DW dynamics under spin current. In this work, we show that the effect of spin current on DW shows up in magnetization versus magnetic field loops and DW creep processes at 10 4 A/cm 2 and even lower current density in (Ga,Mn)As as well as in (In,Mn)As.
Device Fabrication
Both (Ga,Mn)As and (In,Mn)As layers were grown by molecular beam epitaxy. 19) The layer structure of sample A consists, from the surface side, 20 nm Ga 0:967 Mn 0:033 As/ 500 nm In 0:2 Ga 0:8 As/50 nm GaAs/semi-insulating GaAs-(001) substrate, and sample B, 5 nm In 0:937 Mn 0:063 As/5 nm InAs/200 nm Al 0:82 Ga 0:18 Sb/50 nm AlSb/semi-insulating GaAs(001) substrate. Both layers have perpendicular magnetic easy axis to the plane due to tensile strain introduced by the buffer layers. 20, 21) The ferromagnetic transition temperature T C is 75 and 58 K for (Ga,Mn)As and for (In,Mn)As, respectively. In order to probe the magnetization M of the layers by the Hall resistance R Hall , the samples were first processed into Hall bar; R Hall in the relevant temperature range is dominated by the anomalous Hall resistance proportional to the perpendicular component of M. 19) Then, the in-plane patterning of coercivity H C in the channel was introduced. For device A fabricated from (Ga,Mn)As, a half part of the channel was etched by 5 nm leading to a reduction of T C 22,23) and to modification of H C of the etched region. 8, 18) For device B fabricated from (In,Mn)As, a half part of the channel was formed into a field effect transistor (FET) structure with the deposition of a gate insulator (0.76-mm spun-on SiO 2 ) and a metal gate electrode (95 nm Au/5 nm Cr), which allowed control of H C by external electric fields. 24, 25) The micrographs of the devices as well as their dimensions are shown in Fig. 1 ; (a) device A before removing the photoresist layer on the non-etched region on the left and (b) device B with an FET structure on the right-hand side. For both devices, we define the positive current as the current flow from left to right, i.e., from the non-etched region to the etched region for device A and from the ungated region to the gated region for device B. Four pairs of Hall probes are labeled as (I)-(IV) from left to right. In the following experiments, the external magnetic field H was applied perpendicular to the device surface.
Results

(Ga,Mn)As with surface step (device A)
We first measured the temperature T dependence of R Hall -H loops at probes (I)-(IV) in device A with channel current I ¼ þ10 mA and determined T C of the non-etched and the etched regions as 75 and 72.5 K, respectively, by making Arrott plot. The ratio of the sheet resistance of etched region to that of the non-etched region is about 1.9, which is larger than the value of $1:3 expected from the ratio of the thicknesses. It suggests that the reduction of T C by surface etching 22) relates to inhomogeneous distribution of holes along growth direction and is consistent with the result of electro-chemical capacitance-voltage profiling. 23) For the present device, H C of the non-etched region is smaller (larger) below (above) T ¼ 52 K than that of the etched region. The difference in H C 's of the two regions is believed to be related to the hole distribution, 26) and allows us to initialize the DW positions at the boundary between etched and non-etched regions by sweeping H. Similar structure has already been utilized to investigate DW motion under spin current. 8, 18) The step structure has another important role, i.e., the introduction of DW energy profile; the DW energy is proportional to the cross-sectional area of the ferromagnetic material and is also higher for materials with larger magnetization. We investigated the effect of the direction as well as the magnitude of I on the DW dynamics in this asymmetric ferromagnetic Hall bar.
We then measured R Hall -H loops at various temperatures with of jIj up to 50 mA, which corresponds to the current density of j ¼ 1:3 Â 10 4 A/cm 2 for the non-etched region and 1:7 Â 10 4 A/cm 2 for the etched region, and investigated the effect of its direction on the shape of the loops. The sweep rate of 0 H ( 0 : permeability of vacuum) was fixed at 0.5 mT/min. We observed no apparent change of the loops below $55 K, whereas at 56 K H C measured at probes (III) and (IV) in the etched region started to become smaller above I ¼ þ30 mA, and at 58 K H C in the non-etched region [probes (I) and (II)] became slightly larger and that in the etched region became smaller as I increased from À50 to þ50 mA for jIj > 10 mA. Above 60 K, the rounded shape of hysteresis loops in the etched region introduced ambiguities in determining H C . Therefore, hereafter, we focus on the results measured at 58 K, at which intrinsic 0 H C in the channel is 4 and 3.5 mT in the non-etched and the etched region, respectively, determined from R Hall -H with small channel ac-current of 95 nA. R Hall -H loops measured at four pairs of the Hall probes with I ¼ þ50 and À50 mA are shown in Fig. 2 . The stepped structures in closed symbols in the curves, clearly seen especially near the boundary of the non-etched and the etched regions [(II) and (III)], are caused by the change of the Hall voltage accompanied by the magnetization reversal in the adjacent region, where magnetizations in the two regions are antiparallel. 8) 
mAÞ is À0:2 and þ1:5 mT for the non-etched and the etched regions, respectively.
In order to understand the current induced change of H C , we visualized the DW motion induced by H around 58 K with I ¼ 0 (and sometimes with a finite I) utilizing a magneto-optical Kerr effect (MOKE) microscope. 8) We found that the magnetization reversal in the channel was completed by DW propagation from the contact pads 100 mm away from the center of device; DWs were created in the contact pads with area of 400 Â 400 mm 2 at both ends of the channel and propagated into the 20-mm-wide narrow channel. DW in the etched region reached to the stepped boundary before that in the non-etched region, but it did not enter the non-etched region, where DW energy is higher. current dependence of H C can be qualitatively explained by the current-assisted motion of the DW 8, 18) nucleated in the pads, noting that the DW was found to move in the opposite direction to the current. The positive current (from left to right in Fig. 1 ) assists the DW motion from the right pad to the channel and, at the same time, suppresses propagation from the left pad to the channel. As a result, H C of the lefthand side non-etched region increases, while H C of the righthand side etched region decreases. Negative current has the effect in the opposite direction, decreasing H C of the nonetched region and increasing H C in the etched region. The magnetization reversal in the etched region with I ¼ À50 mA has contribution from the two DWs from both sides, as indicated by bimodal transition with a small step to the opposite magnetization state in R Hall -H loops (open symbols in the right two panels of Fig. 2 ). This is a result of having two DWs of comparable velocity in the channel and is consistent with our previous observation, where it was shown that DW can be injected from thicker to thinner regions by I. 8) Therefore, the present observations show that magnetization reversal in device A is dominated by the DW motion, which is driven by H assisted or impeded by I. Similar current-dependent H C was observed in ferromagnetic metal nanostructures. 27, 28) The greater ÁH C in the etched region may have contribution from the higher current density and/or temperature, which is closer to T C than that of the non-etched region. 18) The current effect on the DW motion was also confirmed by monitoring the difference of the time-evolution of R Hall with a positive or negative current at a fixed H. At 58 K and under the application of I ¼ þ50 mA, M of the whole channel region was first aligned parallel by applying sufficiently high positive H. Then, M of the etched region alone was reversed by negative H utilizing the difference of H C between the etched and the non-etched region under I ¼ þ50 mA (see Fig. 2 ). This is the initial antiparallel magnetization configuration with positive M in the nonetched and negative M in the etched region. Then 0 H was set to $À0:09 mT, which promotes the motion of DW at the boundary from right to left. I was still held at þ50 mA, and time t dependence of R Hall measured at the four pairs of Hall probes was recorded as shown in Fig. 3 . Values of R Hall remained unchanged at all four probe pairs until t ¼ 600 s (we have checked the stability of this initial state under I ¼ þ50 mA up to 4200 s in a separate run). At t ¼ 600 s, the sign of I was reversed from positive to negative. We then found that R Hall (III) started to increase gradually followed by R Hall (IV). This observation indicates that the DW propagation takes place by the negative I (in the direction against the applied H). Note also the presence of a barrier at the step boundary; the DW could not pass the step boundary by the positive I in addition to the applied negative H. Small change in R Hall 's of the non-etched region [(I) and (II)] reflects the change of the Hall field distribution in the etched region. R Hall (III) reversed its sign at t $ 700 s and almost stopped changing around 2400 s before reaching its saturation value of R Hall (III) obtained at high positive H in Fig. 2 . This shows that the reversal proceeds in a nonuniform fashion, which probably originates from the nonuniform current distribution in the channel and/or the existence of pinning centers; the presence of pinning centers was also suggested by the step-like evolution clearly seen in R Hall (IV). One of the most probable origin of the pinning is the cross-hatch dislocations created during growth to relax the lattice mismatch between (In,Ga)As buffer layer and GaAs substrate. 8) The reversal process became slower, when applied negative I was reduced; R Hall (III) reached zero after 3600 s for I ¼ À40 mA and showed no apparent change for I > À20 mA. When the same measurement was done at positive 0 H ¼ 0:085 mT and I ¼ À50 mA, both promoting the DW motion from left to right, the process was enhanced and R Hall (IV) reached its saturation value before 3600 s.
(In,Mn)As with partially gated region (device B)
Similar experiments were done on device B with (In,Mn)-As channel, with a half part covered by a gate/insulator structure to enable in-plane patterning of H C . This is possible because the magnetic properties, such as T C and H C , in the gated region can be controlled by applying gate electric field E; 24, 25) negative (positive) E increases (decreases) hole concentration p, which results in the higher (lower) T C and increased (reduced) H C in the gated region than those in the ungated region. The magnetic properties of the channel were again probed by the Hall probes. A fixed 0 H sweep rate of 0.2 mT/min was used. At E ¼ 0, both gated and ungated regions showed the same magnitude of 0 H C $ 0:7 mT within the experimental error, which was independent of the sign of I at 4 mA (j ¼ 4 Â 10 3 A/cm 2 ). Figure 4 shows R Hall curves measured at 51 K with I ¼ AE4 mA under (a) E ¼ À1:5 MV/cm and (b) þ1:5 MV/cm, where T C is expected to be modulated by AE a few K by E. 24, 25) T ¼ 51 K is close to the highest temperature, where we could observe square-like hysteresis in both regions. The stepped structure in the R Hall curves comes from the change in the Hall voltage of the adjacent region as observed in device A. H C in the gated region [(III) and (VI)] shown in Fig. 4(a In the latter region, although the observed ÁH C value is quite small, the qualitative dependence of H C on I is consistent with the observation on device A. However, reduced H C in the gated region under a negative E, and reduced H C in the ungated region with the gated region under a positive E cannot be explained along the same line. In contrast to device A, when I was applied to the direction to suppress the DW motion from the pad, H C is now reduced. It indicates that the magnetization reversal is governed by the DW propagation (or rather injection) from the boundary between the gated and the ungated regions. Due to the absence of physical step at the boundary in the channel, DW can enter into the adjacent region more readily in device B than device A. The reversal in the region of DW being injected is not as sharp compared to that in the region from which DW is injected, which may reflect the difference of reduced temperature T=T C in the two regions as well as the difference of the DW energy between the two regions. We also monitored the t dependence of the DW position under a fixed H by the Hall probes. The initial state was prepared in the following way. We first magnetized the entire channel by applying sufficiently high positive H at 51 K with I ¼ þ4 mA and E ¼ À1:5 MV/cm. Then 0 H was decreased to À0:66 mT at which it was fixed. This is our initial state, where the magnetization probed at (I) started to reverse from the left-hand-side region. Figures 5(a) , 5(b), and 5(c) show R Hall at probe (II) (a), R Hall at probe (III) (b), and (c) the sequence of the application of I as a function of t. At the initial state (t ¼ 0 in Fig. 5 ), DW stayed around probe (I) and no activity was detected by other locations. At t ¼ 32 s, current direction was switched to negative, i.e., I ¼ À4 mA. After the switching, R Hall at probe (II) started to decrease, reversed its sign at t ¼ 35 s, and thereafter gradually approached its negative saturation value. This showed that DW propagated in the positive direction through the probe (II) assisted both by negative I and negative H. The gradual decrease at probe (III) in Fig. 5(b) reflects potential change associated with the magnetization reversal. When I was switched again to positive at t ¼ 44 s, the DW propagation was suppressed and stayed between probes (II) and (III). When the polarity was reversed again, the propagation resumed and the reversal of the sign of R Hall at probe (III) at $90 s was observed. We have thus observed in a gated structure the current promoting the DW propagation in the opposite direction to its own, which is in accordance with what we have seen in device A fabricated from (Ga,Mn)As.
Discussion
We have observed the current induced effects on H C in (Ga,Mn)As and (In,Mn)As and shown that they can be qualitatively explained by the interaction between spinpolarized current and DW along the same line with the previous studies; the current promotes the DW motion in the opposite direction to the direction of the current. 8, 18) In addition, we have found that there exist at least two apparent different features between device A [(Ga,Mn)As channel with a surface step] and device B [(In,Mn)As channel with a partially gated region]. One is that the region in which H C was strongly influenced by current is fixed for device A, whereas the region in device B depends on the sign of applied electric field. The other difference is that the magnetization reversal of device A in the region where H C was influenced by current was through the DW propagation SELECTED TOPICS in APPLIED PHYSICS IV from the pad, whereas in device B it was from the boundary between the gated and ungated regions. The large ÁH C in device A indicates that there exists a large magnitude difference in domain nucleation fields between the pad area and the channel area. On the other hand, small ÁH C of device B, in which we do not need to consider DW propagation from the adjacent gated or ungated regions [the ungated region in Fig. 4 (a) and the gated region in Fig. 4(b) ], suggests that the difference in nucleation field between the pad and the channel is much reduced to the extent that the magnetization reversal processes by nucleation of domains and their expansion also play roles. We note that the difference in measurement temperatures, in addition to the difference in material system, may have contributed to the different behavior of the two devices; the measurements on device B were conducted at the temperature much closer to T C than device A, where the magnetization process of (In,Mn)As is governed by nucleation of domains. 25) Joule heating, the effect of Oersted field, and the hydromagnetic drag force 9) induced by current do not play major roles in the present current-dependent DW motion, since these effects cannot explain the direction and/or magnitude of the effect of DW motion as has already been discussed in the previous studies. 8, 18) We therefore attribute what we have observed here to the result of spin-current acting on DW. Spin current induced DW motion has been discussed theoretically, [10] [11] [12] [13] [14] and spin-torque scenario is shown to be consistent with the experimental observations 8, 18) in terms of the direction of the DW motion considering the negative p-d exchange interaction (the exchange interaction among valence-band electrons and localized Mn spins) 29, 30) and the DW speed at high current density region beyond the threshold current j C , which is of the order of 10 5 A/cm 2 in (Ga,Mn)As. 18) The present DW motion observed at j ¼ 10 4 A/cm 2 or lower indicates that spin-current can assist and suppress the DW motion well below j C . in accordance with our observation of spin current-assisted DW creep and the scaling relation between creep velocity and current density has been shown at H ¼ 0 for (Ga,Mn)As. 18) However, there is no theory for such spin-current assisted creep phenomena; it is not clear whether the torque term is responsible for the effect 13) or the field-like term. [10] [11] [12] In the present work, we showed that the current-induced or reduced DW creep can be detected at the change of coercivity in magnetization hysteresis loops, as opposed to studying the creep velocity at H ¼ 0, which can be time consuming. Combining available experimental techniques is necessary to further elucidate the nature and the effect of spin-currents on DW propagation in ferromagnetic materials.
Conclusions
In conclusion, we investigated the current-induced effect on the propagation of magnetic domain walls in (Ga,Mn)As and in (In,Mn)As utilizing the devices with in-plane patterned coercivities. We found that the magnitude of coercivity can be increased or decreased by applying current with density of the order of 10 4 A/cm 2 or even lower. Domain wall motion induced by current under a fixed magnetic field was also shown. In addition, the region with coercivity strongly influenced by the current can be selected in the (In,Mn)As device by the application of external electric field to the gated region. These results indicate that one can assist and suppress the domain wall motion (creep) by spin-polarized current at relatively small current density. These observations are important for understanding the R Hall (III) also decreases but keeps its sign positive. This reflects that the domain wall moves in the positive direction, but does not arrive at probe (III) yet. At t ¼ 44 s, current direction is reversed to positive, then R Hall (II) and R Hall (III) stop decreasing and keep constant, indicating the stop of domain wall between probes (II) and (III). When current direction is reversed to negative again at t ¼ 84 s, R Hall (III) decreases gradually again and changes its sign, showing that the domain passes through probe (III). These results show that I assists the domain wall motion in its opposite direction.
interaction between spin-polarized current and non-uniform magnetization texture such as domain walls. The present findings may also be used to add new functionality to ferromagnetic semiconductor devices.
